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Abstract

Anthropogenic development in river floodplains has diminished the extent groundwater and
surface water interact. This interaction plays an important role in the formation of floodplain
habitats that provide essential refuge for stream biota when extreme seasonal conditions arise. To
address the need for more off-channel habitat in the floodplain, a novel strategy of habitat
construction was implemented by the Yakama Nation in the Methow River Basin. At two locations,
groundwater infiltration galleries were installed in relic side channels disconnected from the
mainstem by infrastructure. These installations collect subsurface flow and drain it to excavated
channels connected to the mainstem channel at the downstream end. These projects aim to
enhance off-channel habitat for overwintering juvenile salmon and trout by creating habitat with
groundwater as the primary water source. The groundwater influence should offer stable thermal
conditions during seasonal extremes. In this study, I compared these two unique projects with a
more common side channel restoration project dominated by mainstem channel flow as the main
water source. I documented seasonal changes in water temperature and dissolved oxygen at three
sites and explored differences in fish and insect communities. I also performed aquatic and riparian
habitat assessments. I found that physical habitat was comparable among the sites, but those with
groundwater galleries had more consistent water temperatures and a greater abundance of insects
and fish. The use of groundwater infiltration galleries may be an effective technique for mitigating
the loss groundwater-influenced habitat.
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INTRODUCTION
Groundwater upwelling is an essential feature of a healthy alluvial floodplain (Gibert et
al. 1997, Boulton et al. 1998). Springs primarily derived from groundwater are chemically and
thermally distinct from flowing surface water. As groundwater slowly flows through soil and
rock, it inherits the thermal properties of the geology and is insulated from seasonal changes in
air temperature. Insulated by the earth, groundwater is closer to the mean annual air temperature
while surface water fluctuates with the surrounding air temperature and seasons (Story et al.
2003; Chu et al. 2008). Even when it comes to the surface, the thermal inertia of water prolongs
this stability, and places of groundwater upwelling in rivers can have temperatures that differ
from the surrounding surface water (Cherry and Freeze 1979, Brunke and Gonser 1997, Malard
2001, Chu et al. 2008). In alluvial river channels, groundwater and surface water are in constant
exchange. Reaches where surface water flows into the substrate and recharges groundwater are
known as losing reaches and reaches where groundwater converges with surface water in the
stream channel are known as gaining reaches. Places of groundwater and surface water
convergence offer variation in aquatic habitat, and stream biota take advantage of the thermal
and chemical contrasts to optimize their metabolic needs (Power et al. 1999, Billman et al 2013,
Larned and Gooseff 2014).
In modern times, the interaction between groundwater and surface water has been
reduced in many river floodplains. Settlement activities such as clearing trees and other
vegetation, channelizing rivers, and reshaping of land for agricultural and urban development
have reduced the degree to which rivers can interact with their surrounding floodplains and
riparian forests. These activities have led to simplified flow paths that can cause excessive
downcutting that contributes to a loss of habitat diversity, particularly aquatic habitats in the

floodplain, out of the mainstem channel (Kauffman 1997, Poff et al. 1997, Saldi-Caromile et al.
2004, Morley et.al. 2005, Tomlinson et al. 2011, Ogston et al. 2015).
Aquatic habitats off the mainstem channel (i.e., off-channel habitats) are critical to some
stream organisms, as they provide refuge from seasonally fluctuating conditions in the mainstem
of larger creeks and rivers (Power et al. 1999, Poff 2007, Naiman et al. 2010). These seasonally
or perennially wetted habitats, such as side channels, backwater alcoves, beaver ponds, and
oxbow lakes, are distinct from the mainstem channel yet are still periodically connected, so
organisms can move to and from these features during seasonal changes, driven by metabolic
and life cycle needs. The loss of these habitats reduces the options stream organisms have for
feeding or when stressed by extreme conditions (Ogston et al 2015, Reinhold 2016, Huntsman
2018).
Many populations of salmonid fishes (Family Salmonidae) have been declining since the
turn of the 20th-century, and while these populations face many challenges, loss of suitable
habitat in their freshwater territories is a contributing factor in their decline (William et al. 2001,
McClure et. al. 2003, Marcoe and Pilson 2017). Salmonid fishes are protected under the U.S.
Endangered Species Act according to Evolutionary Significant Units (ESUs), which are
populations or groups of populations that are substantially reproductively isolated from other
conspecific populations and that represent an important component of the evolutionary legacy of
the species. In the Columbia River Basin of western North America, 12 ESUs of salmonid fishes
are listed as threatened or endangered (McClure et al. 2003).
The listing of these ESUs has fueled restoration efforts to restore habitats the fish have
evolved in and that have been degraded by human alterations. The Methow River of north central
Washington state is situated within the Upper Columbia River (UC) Basin. Adult salmon in the
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UC Basin migrate up the tributary subbasins to reproduce, and the young develop from fry to
smolts in these tributaries. The Methow River subbasin is home to independent populations
(within the ESUs of the UC) of spring Chinook salmon (Oncorhynchus tshawytscha;
endangered, 1999), steelhead (O. mykiss; endangered, 1997), and bull trout (Salvelinus
confluentus; threatened, 1999) that are now under the threat of extirpation. Finding
overwintering habitat is critical to the survival of juvenile salmon and trout in the Methow Basin
where winter can be very cold. Off-channel habitats in the floodplains of the major rivers are
some of the most valuable overwintering habitats because groundwater can heavily influence
these habitats (McElhany et al. 2000, 2007).
Unfortunately, floodplains are some of the most anthropogenically compromised
ecosystems on earth, and those along the Methow River are no exception (Kauffman 1997,
Tockner and Stanford 2002, Bernhardt et al. 2005, Poff et al. 2007, Giest and Hawkins 2016). In
response to human impacts, restoration ecologists have been implementing projects with the goal
of improving off-channel habitat in alluvial floodplains (NRC 1992, Saldi-Caromile et al. 2004,
Roni 2008). Restoration strategies continue to evolve as more is understood about specific needs
of target species and their ecosystems (Booth 2005, Bernhart et. al. 2005, Bernhart et. al. 2007,
Bennett et al. 2011).
Temperature is often the focal point in restoration projects targeting salmonid habitat,
because temperature is a strong driver in metabolic success for these cold-water, stenothermal
fish. A thermally varied habitat can be beneficial to the growth rate of juveniles, but extended
periods of extreme temperatures are detrimental to their health. Warm temperatures cause
metabolic stress and increase the likelihood of disease, and very cold water slows growth and
swimming speed, making fish more susceptible to predation. However, if fish only spend a short
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time in the stressful environment and can move to more comfortable temperatures, they can
tolerate the stress and even take advantage of their benefits. Coho (O. kisutsch) juveniles, for
example, will move to warmer water to digest after feeding in colder water to maximize their
food assimilation capacity. Fish performing this behavior tend to grow larger and quicker than
their counterparts not exploiting a thermally varied habitat (Powers 1999, Armstrong and
Schindler 2013, Baldock et al. 2016). Holtby et al. (1990) measured a positive relationship
between smolt size and ocean survival rates, as smolts with shorter body lengths are more
vulnerable to predators and smolts with larger mouths have more feeding options (Friedland et
al. 2014). Infiltrating groundwater offers variation in the stream environment as it is cooler than
adjacent surface water during late summer and warmer in the winter.
As more is understood about the habitats found in the floodplains of alluvial river
systems and the thermal variation they offer, new strategies have been developed to simulate
them in places where they have been degraded or lost. It is often impractical to move affecting
elements such as roads, buildings, bridges, and farmland from even moderately disturbed
floodplains. Sophisticated and creative techniques are required if we hope to improve the
ecological function and services of many streams heavily altered by human infrastructure (Geist
and Hawkins 2016).
In 2014 and 2015 a novel strategy of floodplain restoration was attempted to enhance offchannel habitat for overwintering juvenile salmon and bull trout in the Methow Basin. This
region is semi-arid, on the eastern slopes of the North Cascades Range. Winter temperatures can
be below freezing for weeks, and a considerable amount of available stream habitat can shrink as
water is locked up in ice and flow decreases. Juvenile salmon and trout in this region have
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adapted to near-freezing temperatures in the river channel by seeking thermal refuge in areas that
remain ice-free, such as groundwater seeps (UCSRB 2007).
Since the ESA listings of UC steelhead, spring Chinook salmon and bull trout, there have
been dozens of major floodplain restoration projects undertaken in the Methow River Basin
(RTT 2017). Many of these projects involve removing and reducing levees and allowing the
river to more frequently inundate the floodplain. Accumulations of large wood, which were
historically critical for maintaining a meandering river and the associated floodplain, have also
been constructed in the basin to compensate for the reduced woody debris recruitment occurring
today. A major goal of these projects has been to increase the connectivity of floodplain habitats
to the mainstem rivers, which was historically extremely important for ESA-listed salmonids
(Reclamation 2010, RTT 2017).
Juvenile rearing habitat is a critical resource for salmon in the Methow River Basin,
especially for UC spring Chinook and steelhead that spend at least one year in the basin before
outmigration. While several traditional restoration projects have been implemented in the basin
to address this need, the restoration ecologists and engineers working in this region saw an
opportunity with two locations to try a new strategy for restoring groundwater-fed habitat in
areas with significant infrastructure that could not be modified to accommodate a side channel
connected to surface flows. This novel restoration strategy uses groundwater infiltration galleries
(i.e., groundwater galleries) to collect subsurface water and direct it into constructed channels.
These channels are perennially connected to the main channel of the river so fish may access
them all year
Groundwater galleries are typically used for collecting water for human use or filtering
and storing wastewater (Feulner 1964; Bekele et al. 2009; Alexander et al. 2014). Groundwater
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galleries are permeable and, depending on the application, can be made of materials including
sand and gravel, plastic scaffolding, and perforated pipes. Water flows to the galleries from the
surrounding land following concentration and hydraulic head gradients (Feulner 1964). The two
groundwater galleries constructed in the Methow River Basin consist of long, perforated pipes
buried in the permeable gravel of the river floodplain near the relic side channels, where
piezometer tests indicated upwelling. Groundwater flowing through the floodplain substrate is
intercepted by the gallery pipes and directed into a constructed channel, dug into the relic side
channel bed. These constructed channels were designed with fish habitat features such as large
wood, a meandering channel, and pool-riffle sequences (Interfluve 2011).
The two restoration sites with groundwater galleries were built with specific goals of
rehabilitating rearing habitat for endangered salmon species (Interfluve 2011). The water
temperature and fish use at these constructed, groundwater-fed channels is monitored by a
Yakama Nation Fisheries Monitoring Program (Yakama Nation Fisheries 2022). The program
has recorded narrower annual temperature ranges in the channels than the adjacent main channel.
That is, the gallery sites are more thermally stable than the main channel, with higher
temperatures in winter and lower temperatures in summer compared to the main channel.
Consistent salmon use has also been recorded at both sites (Eckmann, Yakama Nation Fisheries,
personal communication).
In this study, I examined two restoration techniques to re-establish floodplain, side
channel habitats. The first technique involved re-establishing relic channels only inundated from
groundwater collected in infiltration galleries. The second, more traditional technique involved
re-establishing a relic side channel by excavating the side channel with an inlet and an outlet
connected to mainstem river surface water. Both restoration treatment types aim to increase
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available off-channel habitat on the floodplain for salmon and trout rearing in the Methow River
Basin. By comparing the two techniques, I intend to examine the benefits created by each and
how their applications differ. The goal of this study is to better understand the seasonal
conditions exhibited by each restoration project and document fish use patterns. I expected to
find less fluctuation in water temperature at the sites with groundwater galleries than the side
channel site but lower dissolved oxygen because of the dominance of groundwater. I also
expected fish and insects to concentrate in the groundwater gallery sites more than the side
channel site during extreme seasonal conditions, like cold and hot periods of winter and summer.

STUDY REGION
The Methow River Basin is situated in north central Washington state. It flows 843 river
kilometers east from the crest of the North Cascade Range at an elevation of 2,727 meters to the
Columbia River at 236 meters. It drains about 4,800 square kilometers and the largest tributaries
are the Chewuch River, and Twisp River (Figure 1). About 11 percent of the basin is made up of
privately owned parcels concentrated in the valley of the major waterways. Much of the
remaining basin is publicly owned, undeveloped land managed by the U.S. Forest Service, and
the Washington Department of Fish and Wildlife (Ely 2003, Konrad and Wagner 2005). Native
vegetation ranges from subalpine tree species in the western high altitudes, such as mountain
hemlock (Tsuga mertensiana), Pacific silver fir (Abies amabilis), whitebark pine (Pinus
albicaulis), and subalpine larch (Larix lyallii); to open coniferous forests at mid-altitudes, with
Douglas fir (Pseudotsuga menziesii), lodgepole pine (P. contorta), and ponderosa pine (P.
ponderosa). The more arid environments to the east and lower elevations support shrub-steppe
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vegetation such as bitterbrush (Purshia tridentata) and big sagebrush (Artemisia tridentata;
Konrad and Wagner 2005, Reclamation 2008 & 2010).
Precipitation in the basin largely falls as snow at higher elevations during the winter
months. Konrad and Wagner (2008) reported an annual precipitation accumulation of 80 inches
(2 meters) at high elevations in the basin and 12 inches (30 centimeters) at low elevations. Near
the town of Winthrop, monthly mean air temperature is below freezing November through
February. Between 1991 and 2020 The National Weather Service reports a mean minimum
temperature between December and February of -9 degrees Celsius (°C). July and August are the
warmest months in Winthrop with a mean maximum temperature of 30 °C (Figure 2).
Hydrographs of the Methow River are dominated by the snowmelt driven spring freshet (Figure
3). On average, discharge from the Methow River, measured near Winthrop, peaks in June at
around 155 cubic meters per second (6000 cubic feet per second) and drops to its low of 6.5
cubic meters per second (250 cubic feet per second) just before October. There is a small
increase in streamflows after October as fall rainstorms return but before lower winter
temperatures turn precipitation to snow. Discharge drops again in January and February to
around 7 cubic meters per second as surface water is locked up in ice and snow (Ely 2003).
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Figure 1. The Methow River Basin and locations of three restoration sites completed by the Yakama
Nation Fisheries Resource Management in 2014 and 2015. Fender Mill Side Channel and 1890’s
Side Channel are fed by groundwater infiltration galleries while Chewuch River Right Side Channel
is a true side channel with upstream connection to the mainstem of the Chewuch River.
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Figure 2. Mean monthly precipitation accumulation and temperatures for the town of
Winthrop, Washington from 1991 through 2020, as reported by the National Weather Service.

Figure 3. Hydrograph of the Methow River near the town of Winthrop, Washington,
as reported by the US Geological Survey, gage 12448500.
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The geology in the basin consists of bedrock valley walls and valley floors filled with
glacial outwash. Deep deposits of unconsolidated sediments in the valleys provide the
groundwater aquifers for the basin that are recharged annually by spring snowmelt. By late
summer, these aquifers are often diminished, and in recent years this has been exacerbated by
reduced snowpack and precipitation. The snowmelt-driven hydrograph of rivers in the basin
exhibits a high spring runoff and drastically lower flows in summer and winter relative to spring
(Konrad and Wagner 2005). Summer water withdrawals for agriculture and privately owned
irrigation also contribute to lower water levels in mainstem rivers.
The broad, glacially influenced Methow River valley once supported prolific salmon runs
partially due to the high-quality juvenile rearing habitat provided by groundwater influenced
floodplains. The unconsolidated sediments in the alluvial river valleys, left behind after glacial
retreat, supports groundwater and surface water exchanges. Several gaining reaches, where
groundwater infiltrates the river floodplain, and a large losing reach, where surface water
recharges groundwater have been identified (Konrad et al. 2005). The gaining reaches once
supported a plethora of off-channel habitats in the floodplain influenced by groundwater. In
many places these high-quality floodplain habitats have become impaired in the last century due
to substantial human impacts in the floodplain. Today, much of the Methow River floodplain has
been cleared for development and the river has been forced into a relatively straight and
simplified flow path. As a result, the river channel has cut down into the riverbed and this
downcutting has dramatically reduced the connectivity of floodplains in the basin and the
associated habitat diversity associated with these floodplains. Groundwater can still be found
upwelling near the Methow River, but because the channel has cut into the streambed the
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upwelling is less likely to interact with the surface flow in the floodplain to form off-channel
habitat accessible to fish (Reclamation 2008).
The fishes of the Methow Basin often rely on groundwater-fed habitats to survive the
seasonal extremes in flow and temperature conditions. The streams and rivers are occupied by
species that can tolerate cold water and have behavioral adaptations to cope with the variable
conditions, like seeking places fed by groundwater like spring creeks and deep pools. Salmonid
fishes are the most common native species. In addition to the ESA listed species, there are also
westslope cutthroat trout (Oncorhyncus clarkii lewisi), coho salmon (O. kisutch), mountain
whitefish (Prosopium williamsoni), and a non-native char, the brook trout (Salvelinus fontinalis).
Among the smaller fishes found in the Basin, sculpins (Family Cottidae) are common and widely
distributed. These are benthic-dwelling fish that often reside in the spaces between coarse
substrates (Crandall and Wittenbach 2012, Scholz et al 2014).
The salmonid rearing in the Methow Basin typically spend at least one year in the basin
before migrating to the Pacific Ocean. These fish are exposed to a wide range of flows and
thermal conditions observed in mainstem habitats. Finding warmer water during the winter
months and cooler waters in the summer allows the juvenile fish to maintain a higher metabolism
and faster growth rate. Off-channel habitat in the floodplain and side channels are typical refuge
places for juveniles because they can be, and historically were, places with groundwater
influence (Crandall and Wittenbach 2012, Scholz et al 2014).
As cold-water species, the health of salmon and trout is challenged by high water
temperature related to hot summers, but near-freezing winters conditions also pose a challenge.
The temperature extremes of these seasons can be further exacerbated by the low flows
associated with them. Even temporary thermal refuges may be critical to fish survival during
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these periods. Other species and life history stages may also be stressed, but we know less about
their physiological limits. Prior to the recent development in the basin, fish had access to a
greater diversity and abundance of aquatic habitats outside the main river channels, because the
migration of the river across the floodplain was not constrained. Seeking areas with upwelling
groundwater is a behavioral adaptation by fish in cold regions (Powers et al. 1999. Crandall and
Wittenbach 2012). This type of habitat is much less prevalent in the Methow Basin today
because historical off-channel habitat with groundwater upwelling has been lost to sedimentation
and active filling without replacement through fluvial processes. The subsequent loss of habitat
diversity is thought to be one of the contributing factors to the existential threat to local salmonid
runs (UCSRB 2007, RTT 2017, YNFRM 2017). Specifically, the Methow River has lost much of
the off-channel, groundwater-fed habitat that can be used as refuge when temperatures in the
main channel are metabolically stressful during winter and summer. Restoration efforts aim to
reintroduce the diverse habitat conditions that once existed for migrating and rearing salmon and
trout, as well as resident fish populations. The projects examined in this study are products of
this effort.
At two sites in the Methow River Basin, groundwater galleries were installed by the
Yakama Nation to collect subsurface flow in places with relic side channels. These former side
channels were hydraulically isolated from inundation by main channel flow when roads were
built through the valley, and the floodplains of the unconfined geomorphic reaches were
developed for agriculture uses. At these two locations existing infrastructure and privatelyowned parcels make a more traditional form of side channel restoration impractical. Though the
sites are cut off from surface water, both showed subsurface connection with the groundwater
table when piezometer and pump tests indicated that groundwater was upwelling beneath the
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relicside channels. Restoration engineers and project managers saw an opportunity to harness the
upwelling groundwater by using groundwater galleries to create thermally stable habitats that
would be accessible to juvenile salmon and trout for overwintering and to migrating salmon and
trout as refuge from warm summer temperatures (InterFluve 2011).

METHODS
Site Descriptions
In this study, I examined two restoration treatment types at three different sites, two with
groundwater galleries and one designed as a through-flowing side channel. Each of the sites are
in geographically unconfined floodplains where off-channel habitats like side channels,
backwater alcoves and beaver ponds were historically prevalent. All the restoration projects
involved at least partial excavations of relic side channels and were completed between 2014 and
2015. Two of the sites, Fender Mill Side Channel (Fender Mill) and 1890s Side Channel
(Eighteen-Ninety), were constructed with groundwater galleries to deliver groundwater into
reconstructed channels, much like a spring. These two channels had no upstream surface water
connection and were only connected to the mainstem river at the channel outlet. The third site,
Chewuch River Right Side Channel (Chewuch River Right), had similar restoration goals, but no
groundwater gallery component. This side channel was perennially connected to the mainstem
river at the channel inlet and outlet. All three of the restoration projects also included the
placement of large wood with rootwads. Comparing this surface water-fed side channel to the
gallery-fed channels was intended to identify factors that may affect patterns in use and the role
that the groundwater gallery technique can play in the recreation of critical habitat for native
salmon and trout, as well as other stream dwelling organisms.
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Chewuch River Right Side Channel
This site is a reconstructed side channel located on the Chewuch River, one of the major
tributaries of the Methow River. The Chewuch River is 58 kilometers long and flows south from
the Canadian border to the confluence with the Methow River in the town of Winthrop. The
Chewuch River Right Side Channel (Chewuch River Right) restoration project is located 19 river
kilometers upstream from the confluence (Figure 4). Historic logging practices have reduced the
recruitment of large old growth tree debris jams in the Chewuch River. These jams were
historically critical, driving processes maintaining the sinuous and multithreaded planform of the
river. In the last century, the loss of woody debris recruited into the Chewuch River, has caused
the river to straighten, incise into the riverbed, and cutoff floodplain habitats. The project,
completed in 2015, re-activated a relic side channel with select excavation throughout the
channel to ensure surface water from the Chewuch river would flow through it perennially. Logs
were also placed near the channel’s upstream connection to the mainstem to help encourage
persistent flow to the channel (Figure 5). Groundwater upwelling was present prior to
construction, as evidenced by the presence of wetlands and lentic pools in the floodplain. The
820-meter-long channel increased off-channel habitat, with groundwater influence, and is
perennially accessible to fish. This project also involved some large woody debris installation
throughout the side channel, but disturbance to the natural vegetation and substrate was
minimized to preserve the ecological integrity of the site. The channel is connected to the
Chewuch River at the upstream and downstream ends. The entire site is on public land managed
by the Washington State Department of Fish and Wildlife (Inter-Fluve 2010).
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Figure 4. Constructed side channel site Chewuch River Right, located on the Chewuch River.
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Figure 5. Installed log jam at Chewuch River Right at the upstream
connection to the mainstem channel of the Chewuch River.

Fender Mill Side Channel
One of the two groundwater gallery sites is located on the Methow River, 15 kilometers
upstream of the confluence with the Chewuch River in an unconfined geomorphic reach known
as the Big Valley Reach. This reach has been identified as a gaining reach, where groundwater
comes to the surface to interact with the flowing surface water. However, downcutting into the
streambed has resulted where human influences have unnaturally channelized the flow path. In
these places the floodplain has been cut off from the river’s influence and off-channel habitat
formation has been reduced (Konrad et al. 2005, Reclamation 2008). The Fender Mill Side
Channel (Fender Mill) restoration project was completed in 2015 (Figure 6). According to a
2010 reach assessment analyzing existing conditions and restoration prescriptions in the Big
Valley Reach, the largest anthropogenic impact on the reach is the Weeman Bridge and
associated levees. These influences impede channel migration and disconnect the river from its
floodplain (Reclamation 2008). The site is located on a 40-hectare project area just downstream
of the Weeman Bridge on State Route 20. The riparian forests are intact, and groundwater-fed
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wetland complexes were observed there prior to construction. The Fender Mill project included
the installation of a groundwater gallery at the upstream end of a 670-meter long relic side
channel. Below the gallery, select excavation was used along the profile of the relic side channel
to the outlet into the Methow River to create a grade that encouraged continuous flow. Since this
constructed channel is not connected to the Methow River at the upstream end, it is fed entirely
by the groundwater collected in the gallery.
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Figure 6. Groundwater infiltration gallery site Fender Mill, located on the
Methow River downstream of the confluence with Goat Creek.
Groundwater gallery and pipe depictions are not to scale.
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1890s Side Channel
The second site with a groundwater gallery is located on the floodplain of the Methow
River within the city limits of the town of Twisp, just upstream of the confluence with the Twisp
River (Figure 7). The 1890s Side Channel (Eighteen-Ninety) is 17 kilometers downstream of the
Chewuch River confluence in an unconfined geomorphic reach of the Methow River floodplain.
Riparian vegetation has been cleared across much of the floodplain in this area, and several large
levees have been installed to allow agricultural and residential development. The lack of large
woody debris in the river channel has caused the river to straighten, incise into its channel and
contributed to a loss of connected aquatic habitat in the floodplain (Reclamation 2010).
The Eighteen-Ninety project was completed in 2014 and was built in a channel known as
the Doran side channel. Today, the side channel is only inundated at high flood stages (greater
than 50-year flood recurrence interval), but historic images, pre-1945, indicate that the side
channel once carried more flow. The reduction in flow is the result of a combination of factors,
including mainstem channel migration, installation of bridges associated with a road that became
State Route 20, and construction of a 400-meter-long levee known as Sugar Dike. Two bridges
are needed for State Route 20 to cross the side channel, and Sugar Dike was built in 1974 to
control and halt the migration of a bend in the Methow River channel. The bridges and Sugar
Dike have encouraged the cut-off to Doran side channel over time by delivering sediment around
the inlet. The use of a groundwater gallery in the 1890’s Side Channel project was a way to
return perennial flow to the side channel, despite the bend migration and the impacts of the
infrastructure (Reclamation 2010, Interfluv 2011).
The groundwater gallery was installed near the mainstem channel of the Methow River,
and a 750-meter-long pipe diverts it to an excavated channel, 1-kilometer long, in the bed of the
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relic side channel. Pump tests and piezometer well readings guided the placement of the
groundwater gallery. The channel is situated along the valley wall, and wall-based groundwater
was present near the Doran side channel prior to channel excavation. The project took advantage
of the groundwater source and excavated the channel to a depth that would intercept this
groundwater (Interfluv 2011).
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Figure 7. Groundwater infiltration gallery site Eighteen-Ninety located on the
Methow River just upstream of the confluence with the Twisp River.
Groundwater gallery and pipe depictions not to scale.
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Survey methods
To compare the two treatment types, parameters were measured over a one year period,
between May 2019 and March 2020. I observed water temperature and dissolved oxygen (DO),
fish density and diversity, and insect abundance and diversity. To assess the seasonal trends at
the sites, surveys were completed six times over a year, and insects were sampled twice in the
most extreme seasons: summer and winter. I also surveyed several physical habitat conditions at
each site, to more closely evaluate similarities in physical structure. If the sites indeed have
similar habitat structure, then differences in the other parameters may be attributed to the
restoration treatment types.
Conditions in May 2019 and January 2020 impeded sampling at the side channel site,
Chewuch River Right. In January, the coldest month in the Methow Valley, thick ice cover
prevented assessment of water temperature and DO, the fish survey for the month, and the winter
insect sample. The two sites with groundwater galleries, Eighteen-Ninety and Fender Mill,
remained ice-free and were surveyed. To enable comparison of winter conditions of Chewuch
River Right to the two groundwater gallery sites, water temperature and DO were measured at all
three sites in February the following year, when the ice cover had thinned enough to be broken
through. Benthic insects were also sampled from Chewuch River Right at this time, but a fish
snorkel survey was not conducted. In May, temperature and DO were measured at Chewuch
River Right, but the fish survey was impeded by high flows and associated turbidity resulting
from seasonal runoff from melting snowpack. All surveys for the two groundwater gallery sites
were completed as planned.
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Surveying and sampling regimen
Survey reaches were established within each site. Determining the reach length was
based on access and time constrains. The survey reach at the Fender Mill was the full length of
the channel. Eighteen-Ninety and Chewuch River Right sites were partially surveyed due to
restricted access onto private property and natural obstructions that lengthened the travel time
through the site. Each restoration site was constructed with consistent riffle-pool sequences, so
sample locations were determined with respect to habitat type. An initial survey was done to map
out the habitat units of the survey reaches. In this survey, I delineated the habitat type, as pool or
riffle, measured the lengths of the habitat units, and gave each a unique number. Slow-moving
sections greater than 50% of the wetted-channel width and greater than half a meter deep, were
noted as pools, and faster sections, less than a half meter deep, were noted as riffles. Locations
for sampling were identified using a random number generator. For fish surveys, the reaches
were divided into thirds, then two habitat units were randomly selected from each section for a
total of six selected habitat units. Each selection was then paired with the adjacent unit so that six
adjacent pairs of a pool and a riffle were designated for surveying. The length of the surveyed
habitat units was similar at each site and was used to calculate the number of fish seen per meter
length. For insect sampling, the reaches were divided in half. One pool unit and one riffle unit
were selected from each half for a total of four samples from each reach, two from pool habitats
and two from riffle habitats (Figure 8-10).
Fish surveys were done six times over the year-long survey period from May 2019
through March 2020, roughly every other month. Each survey took two consecutive days to visit
all sites. Insect samples were taken twice, once in the summer and once in the winter. Summer
samples were taken in July 2019 and winter samples were taken in January 2020 and February
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2021. The winter sample for one of the sites had to be delayed to February 2021 because of ice
over the site during the 2020 survey visit. The channel was covered with a thick layer of ice and
snow (Figure 11). Water temperature and DO were taken concurrently with the fish surveys, as
well as one additional survey in February 2021 independent of the fish surveys. Physical habitat
conditions were surveyed once over two consecutive days in October 2021.
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Figure 8. Chewuch River Right survey reach with locations of fish surveys and insect samples.
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Figure 9. Fender Mill survey reach with locations of fish surveys and insect samples.
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Figure 10. Fender Mill survey reach with locations of fish surveys and insect samples.
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Figure 11. Ice at Chewuch River Right in January 2020 that prevented fish and insect surveying.

Fish surveys
Fish were surveyed by snorkeling. 12 habitat units composed of six pool-riffle pairs were
surveyed at each site (Figure 8-10). The total surveyed space was 148 meters at Chewuch River
Right, 109 meters at Eighteen-Ninety, and 175 meters at Fender Mill. Procedures for the snorkel
surveys were based on O’Neal’s Snorkel Survey chapter in Johnson et al. (2006). Surveys were
conducted by two people; I was the snorkeler and one other person helped record data from the
bank. Surveys began at the downstream end of the channel and continued upstream. To minimize
the startling of fish, I began the surveys by entering the channel downstream of the selected pool
and slowly moving into the pool to survey with my eyes underwater. Moving in a zig-zag
pattern, I visually scanned the water column and the substrate for fish. After the pool was
surveyed, I entered the upstream riffle and proceeded in the same manner. Often the riffles were
too shallow to snorkel through, and I stood and scanned the water from above. Visibility
estimations were made at the end of each survey to approximate how much of the survey area
was seen and how much was obstructed due to shallow water, low light, or turbidity. When fish
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were present, they were identified to the lowest taxological rank possible, and total length was
approximated in 50-centimeter increments. Fish identification, lengths, and numbers were called
out to the data recorder.
When water temperatures were below 10 °C, surveys were conducted after sunset. In cold
temperatures fish hide in substrate and woody debris during the daytime and are less likely to be
seen. Fish hide during the day because the cold water slows their metabolisms their action time is
reduced when they need to avoid a predator. After sunset they come out of hiding to feed and are
more likely to be seen. When water temperatures are below 10 °C it is recommended to conduct
snorkel surveys at least an hour after sunset. Three of the six snorkel surveys in this study took
place after sunset. An underwater headlamp and a handheld flashlight were used to illuminate the
water column while surveying.

Benthic insect samples
Benthic insects were surveyed in July 2019 for summer samples and winter samples were
taken in January 2020 and February 2021. Only insects were collected for evaluation to simplify
the identification process. Few other aquatic macroinvertebrates other than insects were found in
the samples, but further study is needed to support this observation.
Collection procedures were based on those lined out by Hayslip (2007) and Larson
(2019). Sampling was done using a D-framed kick-net with a mesh size of 500 micrometers and
an opening 30 centimeters wide and 30 centimeters high. Samples were taken from a 30centimeters by 30-centimenter plot placed in a region representative of the dominant substrate
and flow in the habitat unit. In riffle habitats, the net was held against the substrate just
downstream of the sample area. Large rocks were first picked up and scrubbed with a toothbrush
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into the net and set aside. Then, the substrate was kicked and disturbed to a depth of 10
centimeters for 30 seconds. In pool habitats, the slower flow required a modified technique.
Instead of holding the net to the surface of the substrate, the net was swept through the water
column in a figure-8 pattern while the substrate was kicked for 30 seconds. For either case, the
net was then carried to a sorting tray on the streambank, and the contents were emptied into it.
Rocks, macrophytes, and other debris collected in the net were scrubbed over the sorting tray.
Aquatic insects were collected from the tray and preserved in jars containing 95% ethanol.
Identification of macroinvertebrates was performed in a laboratory using a Leica S6E model
stereo microscope with a 40 times magnification. Identification was taken to the family
taxonomic level for all specimens, using McCafferty and Provonsha (1981), Merritt and
Cummins (1984), and Louw et al. (2016) as guides.

Water temperature and DO
Water temperature and DO readings were taken during the fish snorkel surveys, every
other month over the year-long study period. One additional survey was done in February 2021
to measure the conditions more thoroughly during winter. A YSI Pro20 Dissolved Oxygen meter
was used to measure temperature and DO. Percent saturation of DO and concentration were
recorded. Calibration was checked before each survey. The readings taken during the snorkel
survey measured the same habitat units as those surveyed for fish. While the snorkel survey was
being conducted, the data recorder measured the water temperature and DO once the snorkeler
moved through the unit, 12 habitat units were measured per site. In pools, two measurements
were recorded to assess vertical mixing, one just below the surface and another near the bottom.
In the turbulent riffle habitats only mid-depth measurements were taken. The February 2021
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survey collected water temperature and DO readings from each habitat unit in the survey
reaches. Measurements were also taken from the mainstem river channel upstream of the mouth
of the restored channels.

Substrate, pool depth, thalweg, and canopy cover
To compare physical habitat conditions among sites, surveys for thalweg depth, channel
widths, canopy cover, substrate type, and substrate embeddedness were completed once at each
site. Procedures were based on methods used by the Washington State Department of Ecology
for state-wide stream habitat monitoring (Merritt and Hartman 2012). Substrate surveys were
based on Lemmon and Merritt (2018), channel dimensions surveys were based on Lemmon
(2018), thalweg depth surveys were based on Merritt (2018), and riparian canopy cover surveys
were based on Hartman (2018).
At each site, the midpoint of the survey reach was established and eleven cross-sectional
transects were mapped out with respect to this point. The central transect was placed at the midpoint. Five transects, 150 meters apart following the thalweg, were mapped upstream and five
more downstream of the mid-point. Transects were oriented from bankfull elevation on the left
bank to bankfull elevation on the right bank, perpendicular to the flow of the thalweg. Wetted
widths along with the bankfull widths were measured and recorded for each transect. Substrate
size was visually estimated at eleven evenly spaced points along each transect for a total of 121
samples per site. Starting at the left bankfull elevation, substrate was measured at 11 evenly
spaced increments, ending at the right bankfull elevation. At each increment, the surveyor
selected a piece of substrate and measured its length along its intermediate axis. Pieces were
selected by touch and without looking to avoid selection bias. A size class was applied to each
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substrate particle observed, based on this length. Embeddedness was measured by estimating the
percentage of surface area of course substrate covered by sand and fines. Canopy cover was
measured at each transect using a convex densiometer. Measurements were taken at the left and
right banks of each transect, and four times at the center-point of each transect. The bank
readings were oriented towards the banks, looking away from the channel. At the center-point,
four directional measurements were made: upstream, left, downstream, and right. Thalweg
depths were measured ten times between each transect at evenly spaced points, 1.5 meters apart,
with the use of a stadia rod.

Statistical Analysis
Field records were organized in spreadsheets so descriptive and inferential statists could
be applied to the datasets. Because few datasets followed normal distribution and samples sizes
were small, non-parametric analysis was used in most cases. Descriptive summary statistics and
graphs were produced for each parameter. Summary statistics included sample size, median,
interquartile range (IQR), minimum, and maximum. Kruskal-Wallis tests and Dunn’s post hoc
tests were used to find differences among site measurements of habitat conditions, temperature,
and DO.
The habitat unit lengths, delineated at each survey reach, were summed to find the total
length of survey reaches for each site. Pool and riffle habitat lengths were also totaled, and
proportions were calculated. Global positioning coordinates taken at sample locations and survey
reach boundaries were imported into Esri’s geographic information software, ArcGIS Pro, and
were used to create reach maps.
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Summary statistics for bankfull and wetted channel widths were produced. Cumulation
distribution curves were created for substrate size frequencies and the most common substrate
sizes were compared. The percent of tree canopy covering each reach was estimated using
densiometer counts. Thalweg depths distributions were also compared among sites. Nonparametric tests, Kruskal-Wallis and Dunn’s post-hoc, were used to identify differences among
sites.
Water temperature and percent oxygen saturation were recorded as a time series, with six
surveys over a year, roughly two months apart. For each survey, 12 habitat units were measured
per site. Temperature and DO at each site were evaluated for each bi-monthly survey and for
trends over the year-long study. An additional water temperature and DO survey was completed
separate from the time series datasets during February of 2021. This survey was more robust,
with measurements taken at each habitat unit in the survey reaches. These values were described
with summary statistics and graphs and compared among sites.
Total counts and family diversity values were calculated for all collected aquatic insects,
collected twice, once in the summer and once in the winter. Samples were categorized by the two
sample seasons and combined for each site. Summary statistics and graphs were produced to
illustrate order and family richness, the Shannon-wiener index for diversity (H`), and the most
frequent families found at each site.
Corresponding to water temperature and DO measurements, fish surveys were done six
time over the year, two months apart, with each survey covering 12 habitat units per site. Fish
statistics from each site were grouped by month and all findings combined. Summary statistics
and graphs were produced to illustrate family richness, the Shannon-wiener index for diversity
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(H`), fish density, and size class frequency observed at each site. Density was calculated by
dividing the number of fish counted at a site by the surveyed habitat units’ lengths.

RESULTS
Survey reaches
All the survey reaches were between 610 and 650 meters long with nearly evenly divided
proportions of pool and riffle habitats (Table 1). The survey reaches at Chewuch River Right and
Fender Mill had slightly more pools than riffle habitat, and the Eighteen-Ninety reach had
slightly more riffles. Beaver activity at Eighteen-Ninety altered the proportion of pools and
riffles throughout the study as the dams flooded locations previously delineated as riffles and
likely increasing the percentage of pool habitat shown in Table 1, but surveys were not repeated.
There was beaver activity at the upstream end of the Chewuch River Right site as well, but these
dams and pools were already in place during the initial site delineation. No beaver activity
affected habitat conditions at Fender Mill. A noteworthy habitat feature in Eighteen-Ninety is a
constructed, in-channel pond. Using satellite imagery this pond was measured to be 25 meters
long and 14 meters at its widest point. Such a pond was not at the other sites, though the
downstream end of Chewuch River Right has a 220-meter section of slow-moving water that was
once the mainstem of the Chewuch River. This feature fell outside of the survey reach.

Table 1. Length of each channel, the survey reach, and riffle and pool lengths for each survey
reach. CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and FM-GG = Fender Mill.
Total channel Survey Reach
Site
length (m)
length (m)
Riffles (m)
% Riffle (m)
Pools (m) % Pool (m)
CR-SC
820
610
284
46
326
54
EN-GG
1000
649
338
52
310
48
FM-GG
670
632
281
44
351
56
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Physical Habitat Conditions
Channel-widths
The bankfull channel widths were widest at the side channel site, Chewuch River Right,
and narrowest at Fender Mill, a groundwater gallery site (Table 2a). The two groundwater
gallery sites were similar in bankfull width to each other, but several wider places at EighteenNinety brought it closer to the width of Chewuch River Right. At the time off the survey in midOctober, when flows are typically slightly above baseflow, the wetted channel-widths were
similar among all the sites. Most of the wetted channel widths were within 3 meters of each other
(Table 2b). Results from non-parametric statistical tests, Kruskal-Wallis and Dunn’s post hoc,
are in the appendix (Appendix A).
Table 2a. Bankfull widths (m) summary
statistics. CR-SC = Chewuch River Right, EN-GG

= Eighteen-Ninety, and FM-GG = Fender Mill.

Table 2b. Wetted widths (m) summary
statistics. CR-SC = Chewuch River Right, EN-

GG = Eighteen-Ninety, and FM-GG = Fender
Mill.

site

N

median*

IQR

min

max

site

N

median*

IQR

min

max

CR-SC
EN-GG
FM-GG

11
11
11

7.4a
5.8b
5.3b

1.20
0.90
1.00

5.5
4.4
4.2

8.0
20.0
8.3

CR-SC
EN-GG
FM-GG

11
11
11

4.3a
4.9a
3.6a

0.85
1.65
0.95

3.0
3.6
3.0

6.1
20.0
6.0

*Significant differences indicated by different
letters (P≤0.05, Kruskal-Wallis with Dunn’s post
hoc)

*Significant differences indicated by different
letters (P≤0.05, Kruskal-Wallis with Dunn’s post
hoc)

The sites had similar wetted widths at the time of the habitat survey in late October. At
this time of the year, the Methow and Chewuch Rivers have moderate flows, above baseflow but
lower than annual spring flooding. The wider bankfull channel-widths at Chewuch River Right
indicate that the channel experiences periods of more intense flooding than the groundwater
gallery sites, a condition of having upstream connection to the mainstem channel. This difference
in flood levels was also observed during the May survey visit. The snorkel survey could not be
conducted at Chewuch River Right because of how swift it was moving. The flows at the
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groundwater gallery sites were never too strong to complete the snorkel surveys. Without the
upstream connection to the mainstem channel, the groundwater gallery sites have more
consistency in flow conditions, and there is less disturbance to the ecosystems.

Thalweg depth
The groundwater gallery site, Fender Mill, had similar thalweg depths as the side channel
site, Chewuch River Right, and Eighteen-ninety was deeper than Fender Mill and Chewuch
River Right. The median thalweg depth at Eighteen-Ninety was more than two times greater than
the other sites (Table 3).
Table 3a. Thalweg depth (cm) summary statistics.
CR-SC = Chewuch River Right, EN-GG = EighteenNinety, and FM-GG = Fender Mill.
site
N
median*
IQR
min
max
CR-SC
100
26.0a
31.8
12
99
b
EN-GG
100
59.5
71.0
12
200
a
FM-GG 100
39.5
50.3
12
90
*Significant differences indicated by different letters
(P≤0.05, Kruskal-Wallis with Dunn’s post hoc)

Substrate
The substrate found at each of the channels was largely composed of cobbles and smaller
particles (Table 4). There were some differences in substrate composition at the sites, but they
did not differ widely. The substrate particles sizes tracked along a similar cumulation distribution
curve, with small-sized particles making up the majority and almost none larger than cobbles
(Figure 12). Eighteen-Ninety and Chewuch River Right had more fines and sand, while coarse
and fine gravel was more common at Fender Mill. The median size class at Fender Mill and
Eighteen-Ninety was fine gravel, while it was sand at Chewuch River Right.
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Table 4. Total substrate size class occurrences. CR-SC =
Chewuch River Right, EN-GG = Eighteen-Ninety, and FM-GG =
Fender Mill.
size class
Size range mm CR-SC EN-GG FM-GG
Fines
< 0.06
6
37
17
Sand
0.06 – 2
46
1
9
Fine gravel
2 – 16
20
21
29
Coarse gravel
16 – 64
32
25
37
Cobble
64 – 250
16
33
28
Small boulder
>250 – 1k
1
4
1
Large boulder
1k – 4k
0
0
0
Bedrock
>4k
0
0
0

Figure 12. Cumulative distribution of substrate sizes. D50 indicates the median substrate size.
CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and FM-GG = Fender Mill.

The level of embeddedness at the sites corresponds to the amount of sand and fines at the
sites. Chewuch River Right had the greatest embeddedness, with an average of 64%, followed
closely by Eighteen-Ninety, with an average of 62%. Fender Mill was least embedded with an
average of 47%. Less sand and fines were present at Fender Mill than the other two sites, and
substrate there was less embedded (Table 5).
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Table 5. Substrate embeddedness (%). CR-SC =
Chewuch River Right, EN-GG = Eighteen-Ninety, and FMGG = Fender Mill.
site
n
median*
IQR
min
max
a
CR-SC
121
64
65
0
100
a
EN-GG
121
61
70
0
100
FM-GG
121
47b
60
0
100
*Significant differences indicated by different letters
(P≤0.05, Kruskal-Wallis with Dunn’s post hoc)

Canopy Cover
The total canopy cover at the side channel site, Chewuch River Right, was greater than
both sites with the groundwater galleries. At Chewuch River Right there was high cover at the
banks and the center channel (Tables 6a, 6b, and 6c). There were tall trees growing close to the
wetted channel on both banks at this site. The Eighteen-Ninety groundwater gallery site had the
lowest combined canopy cover. At this site the banks were almost completely covered, but the
center channel was exposed. These results match my observations of small brushy trees like
willows (Salix spp.) and alders (Alnus spp.) growing thick along the bank at Eighteen-Ninety, but
few tall trees in the upper canopy. The other groundwater gallery site, Fender Mill, also had less
combined canopy cover than Chewuch River Right. Unlike Eighteen-Ninety, Fender Mill had
less cover at the banks and more cover at the center channel. This matched my observations of
more tall trees and fewer brushy trees along the banks at Fender Mill. However, the trees at
Fender Mill were further from the wetted channel than those at Chewuch River Right leaving
more space for solar exposer.
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Table 6a. Canopy cover (%) from all channel readings.
CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety,
and FM-GG = Fender Mill.
site
n
median*
IQR
min
max
a
CR-SC
66
70.6
35.3
29.4
100
EN-GG
66
38.2b
76.5
0.0
100
b
FM-GG
66
47.1
41.2
0.0
100
*Significant differences indicated by different letters
(P≤0.05, Kruskal-Wallis with Dunn’s post hoc)
Table 6b. Canopy cover (%) from center
channel. CR-SC = Chewuch River Right, EN-GG
= Eighteen-Ninety, and FM-GG = Fender Mill.
site
n
median IQR
min
max
CR-SC
44
64.7
32.3 29.4
100
EN-GG 44
17.6
58.8
0.0
100
FM-GG 44
41.2
36.8
0.0
100

Table 6c. Canopy cover (%) from banks. CRSC = Chewuch River Right, EN-GG = EighteenNinety, and FM-GG = Fender Mill.
site
n
median IQR min max
CR-SC
22
94.1
20.5 58.8 100
EN-GG 22
94.1
41.2 0.0 100
FM-GG 22
76.5
47.0 0.0 100

Water Temperature and DO
The January measurements at the side channel site, Chewuch River Right, were
prevented by ice cover, so measurements were performed in February, as the ice was breaking
up, the following year. It would have been more appropriate to survey in February of the same
year, but the travel time and trip planning to the sites prevented sampling until the following
winter. All three sites were surveyed at this time so that Chewuch River Right could be
compared to the others. To get an idea of how different the conditions were at the groundwater
gallery sites between the two sampling events, the measurements from the two events were
plotted together, for both Eighteen-Ninety and Fender Mill (Figure 13a and 13b). There is a less
than one-degree differences between the two months at both sites. Temperatures were nearly the
same between the two samplings, but DO showed more variability, especially at EighteenNinety.
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Figure 13a. Eighteen-Ninety’s water temperature and DO saturation
measurements from January 2020 and February 2021.

Figure 13b. Fender Mill’s water temperature and DO saturation
measurements from January 2020 and February 2021.
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Water temperature time-series
The annual median temperatures varied about 3 degrees among the sites, with the
warmest median temperatures at Eighteen-Ninety and the coolest at Chewuch River Right, and
the Chewuch River Right saw the most dramatic differences between lowest and highest
recorded temperatures (Table 7). As expected, the seasonal effects on temperature followed one
of two patterns, distinguished by the main water source (Figure 14). Chewuch River Right, the
side channel site with upstream connection to the mainstem channel, had the widest temperature
range, with a low just above freezing in February and a high in July exceeding 15 °C (Table 8).
The sites with the groundwater galleries upstream, Eighteen-Ninety and Fender Mill, had
temperature ranges that were more attenuated, never dropping below 5°C or exceeding 12°C.
Temperatures were nearly constant throughout the sites during each survey, as indicated by the
small interquartile ranges for each bi-monthly survey. Greater fluctuation was observed between
survey months, especially at Chewuch River Right, than between habitat units. Chewuch River
Right was warmer than the other sites in the summer month of July, and colder than the others
between September and March (Figure 15).

Table 7. Summary statistics of bi-monthly water temperature
(°C). CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and FMGG = Fender Mill.

site
CR-SC
EN-GG
FM-GG

n
72
72
72

median*
6.4b
9.7a
7.6b

IQR
5.9
4.8
4.1

min**
0.3
5.5
5.6

max**
16.7
12.0
10.0

*Significant differences indicated by different letters (P≤0.05, KruskalWallis with Dunn’s post hoc)
**Measurements of singular readings during the bi-monthly surveys.
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Figure 14. Water temperature measurements over one year.
CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and FM-GG = Fender Mill.
Table 8. Bi-monthly temperature median and IQR by site (°C).
CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and FMGG = Fender Mill.
site
month
median*
IQR
a,b,c
May
8.80
0.05
a
July
15.95
0.61
Sep
8.10a
0.01
CR-SC
a
Nov
2.90
0.01
Feb**
0.95a
0.40
a
March
3.45
0.30
a,b,c
May
9.83
0.20
July
11.88b
0.12
b
Sep
11.93
0.10
EN-GG
b
Nov
9.6
0.10
Feb**
6.05b,c
1.8
b,c
March
6.78
0.30
May
7.65a,b,c
1.05
c
July
9.90
0.13
c
Sep
10.0
0.0
FM-GG
Nov
7.55c
0.15
Feb**
5.70b,c
0.10
March
5.75b,c
0.11
*Significant differences indicated by different letters (P≤0.05, KruskalWallis with Dunn’s post hoc)
**Measurements taken in 2021 instead of 2020.
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Figure 15. Water temperature medians from surveys done every other month over one year.
CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and FM-GG = Fender Mill.
*Measurements taken in 2021 instead of 2020.

Monthly temperature differences were most distinctive in the summer month of July and
the winter months of November and February (Figure 16a and 16b). By July, temperatures at
Chewuch River Right increased about 7 degrees from May, while both groundwater gallery sites
increased approximately 2 degrees. Eighteen-Ninety and Fender Mill maintained the same
temperature through September while temperature at Chewuch River Right dropped about 10
degrees. Temperatures at Chewuch River Right continued to drop into the winter months.
Temperature at Eighteen-Ninety and Fender Mill also dropped throughout February and March,
but to a lesser degree.
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Figure 16a. Water temperature for the summer months, all measurements.
CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and FM-GG = Fender Mill.

Figure 16b. Water temperature for the winter months, all measurements.
CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and FM-GG = Fender Mill.
*Measurements taken in 2021 instead of 2020.
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DO saturation time-series
The available DO, expressed here as percent saturation, was unique at each site but
generally the median DO was lower in the groundwater gallery sites than in the side channel site.
The groundwater gallery site Fender Mill had the lowest DO, while Chewuch River Right, with
upstream connection to the mainstem, had the highest (Table 9). The other groundwater gallery
site, Eighteen-Ninety, had the widest range in DO, reaching the same maximum as Chewuch
River Right and neared the minimum at Fender Mill.
Table 9. Summary statistics of bi-monthly DO saturation
(%). CR-SC = Chewuch River Right, EN-GG = EighteenNinety, and FM-GG = Fender Mill.
site
n
median*
IQR
min
max
a
CR-SC
72
99.7
10.3
87.0
111.0
b
EN-GG
72
93.0
14.8
74.5
111.0
FM-GG
72
82.7c
11.76
72.0
99.0
*Significant differences indicated by different letters
(P≤0.05, Kruskal-Wallis with Dunn’s post hoc)

The same general trend of seasonal DO change occurred at each site, with some
differences (Figure 17). At both groundwater gallery sites the DO was highest in the summer
months July and September. At Chewuch River Right, the side channel site, the DO saturation
was highest in March. All the sites had lower DO in November, but the groundwater gallery sites
dropped twice as much as Chewuch River Right from September. DO at all the sites increased in
February and March, but Chewuch River Right and Fender Mill increased at a greater rate than
Eighteen-Ninety. There was more variation within each site over individual surveys than with
temperature (Figure 18a and 18b). This indicates there are pockets within each site with differing
DO concentrations.
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Figure 17. DO trends from surveys done every other month for one year.
CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and FM-GG = Fender Mill.
*Measurements taken in 2021 instead of 2020.

Figure 18a. DO saturation (%) for the summer months.
CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and FM-GG = Fender Mill.
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Figure 18a. DO saturation (%) for the winter months. *Measurements taken in 2021 instead of 2020.
CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and FM-GG = Fender Mill.

February 2021 and mainstem water temperature and DO
Each of the sites had different temperatures to each other, but the two groundwater
gallery sites were warmer than Chewuch River Right (Table 10). The temperatures from Fender
Mill were almost constant through the survey reach, and Chewuch River Right only dropped by
about 1 degree between the upstream and downstream ends (Figure 19). At Eighteen-Ninety, the
temperatures decreased moving downstream by about 3 degrees, with one larger decrease about a
third of the way downstream. As expected, temperatures at the Eighteen-Ninety groundwater
gallery site were more often greater than the river mainstem, however, temperatures at both
Fender Mill and Chewuch River Right were lower than the nearby mainstem.
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Table 10. Summary statistics of February 2021 water
temperatures. CR-SC = Chewuch River Right, EN-GG = EighteenNinety, and FM-GG = Fender Mill.
site
n
median*
IQR
min
max mainstem
a
CR-SC
39
1.0
0.3
0.3
1.2
2.7
EN-GG
59
5.9b
1.7
4.8
7.9
5.5
c
FM-GG
45
5.7
0.1
5.6
5.8
6.5
*Significant differences indicated by different letters (P≤0.05,
Kruskal-Wallis with Dunn’s post hoc)

Figure 19. Water temperature from the survey in February 2021. The mainstem
channel measurements were measured once so are indicated as single points.
CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and FM-GG = Fender Mill.

In February 2021, DO at the Eighteen-Ninety groundwater gallery site was close to the
levels at the side channel site, Chewuch River Right, but the other groundwater gallery site,
Fender Mill, was consistently lower than both (Table 11). At Chewuch River Right the DO was
highest at the upstream end of the survey reach, whereas Fender Mill generally increased in DO
moving downstream (Figure 20). At Eighteen-Ninety DO was highest at the downstream end of
the channel. At this site, DO fluctuated the most at either end of the survey reach and was
generally stable through the middle. DO at Fender Mill was higher than the nearby river
mainstem, and at Eighteen-Ninety and Chewuch River Right DO was lower than the mainstems.
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Table 11. Summary statistics of February 2021 DO saturation
(%).CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and
FM-GG = Fender Mill.
site
n
median
IQR
min
max
mainstem
a
CR-SC 39
93.5
7.2
88.2
106.7
98.7
EN-GG 59
92.2b
4.7
86.6
111.0
97.4
c
FM-GG 45
77.8
4.3
73.4
82.7
69.5
*Significant differences indicated by different letters (P≤0.05,
Kruskal-Wallis with Dunn’s post hoc)

Figure 20. DO saturation (%) in February 2021. The mainstem channel
measurements were measured once so are indicated as single points.
CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and FM-GG = Fender Mill.

Benthic Insects
Of the 3,810 benthic insects collected, more than half were from the Fender Mill
groundwater gallery site. The rest of the total were nearly evenly split between the other
groundwater gallery site, Eighteen-Ninety, and the side channel site Chewuch River Right (Table
12; Figure 21). At all the sites, the majority of insects were collected in the winter months. It is
important to consider that the winter sample at Chewuch River Right was collected out of
sequence of the other sites. Because of ice over the channel in January 2020 and access
limitations, the Chewuch River Right sample was not collected until February 2021. In January
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2020 and 2021, the thick ice at Chewuch River Right likely prevented insect occupation at some
of the habitat units, but it could have driven a concentration of insects to areas with less ice. The
February 2021 samples for Chewuch River Right provided an insight to what type of insects live
in the channel over winter, but their abundance may not represent those in icier conditions.
Abundance of insects, as reflected in collection numbers, varied considerably among
seasons. Within all three sites, the majority were collected during the winter sample. Nearly 90%
of the Chewuch River Right insects were collected in the winter. More were also found in the
winter at the groundwater gallery sites, but at smaller proportions: 78% at Fender Mill, and 67%
at Eighteen-Ninety. Insect diversity and richness, at the family taxonomical level, also differed
substantially among seasons.
Insect family diversity and richness was similar at each of the sites (Table 12). Chewuch
River Right had the greatest diversity, with a Shannon-Wiener Index value of 2.06, and Fender
Mill had the greatest family richness, with 27 different families. All the sites had more family
diversity and richness in the winter than the summer. Insects from the order Coleoptera were
found with the greatest numbers at Chewuch River Right (Table 13). All the other insect orders
were greatest at Fender Mill.
Table 12. Benthic insect summary values. CR-SC = Chewuch River
Right, EN-GG = Eighteen-Ninety, and FM-GG = Fender Mill.
Site
Metric
Summer
Winter
All
Sum
92
747
839
CR
Family diversity (H`)
1.90
2.44
2.03
Family richness
15
21
23
Sum
299
594
893
EN
Family diversity (H`)
1.22
2.06
1.79
Family richness
15
20
23
Sum
456
1622
2078
FM
Family diversity (H`)
1.70
2.02
2.00
Family richness
20
22
27
Total sum: 3810
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Figure 21. Total insect counts for each site at both sampling events and combined.
CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and FM-GG = Fender Mill.
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Table 13. Numbers of benthic insects, identified to family by
sample site and season. CR-SC = Chewuch River Right, EN-GG =
Eighteen-Ninety, and FM-GG = Fender Mill.
Taxon: Order/Family

Site
EN-GG

CR-SC

FM-GG

Summer Winter Summer Winter Summer Winter
Coleoptera
Chrysomelidae
Curculionidae
Elmidae
Dytiscidae
Total
Diptera
Athericidae
Brachycentridae
Ceratopogonidae
Chironomidae
Empididae
Limoniidae
Nematocera
Pediciidae
Psychodidae
Simuliidae
Stratiomyidae
Tabanidae
Tipulidae
Unidentified
Total
Ephemeroptera
Baetidae
Ephemerellidae
Heptageniidae
Leptophlebiidae
Siphlonuridae
Total
Plecoptera
Chloroperlidae
Perlidae
Perlodidae
Total
Trichoptera
Brachycentridae
Calamoceratidae
Glossosomatidae
Hydropsychidae
Hydroptilidae
Lepidostomatidae
Limnephilidae
Philopotamidae
Polycentropodidae
Unidentified
Total
Hemiptera - unidentified
Total of all insects
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0
0
13
0
13

0
0
139
1
140

0
1
1
5
7

0
0
10
1
11

1
0
6
1
8

0
0
3
0
3

0
0
2
14
0
10
0
3
0
0
0
0
0
0
29

0
0
5
264
2
1
0
0
1
2
1
3
1
0
280

0
0
0
35
0
0
0
6
0
32
0
0
2
0
75

6
1
0
56
0
2
0
7
0
15
0
0
14
2
103

0
0
2
11
0
8
1
0
0
0
0
0
3
3
28

3
0
12
845
0
1
1
1
0
0
0
0
0
0
863

19
11
5
1
5
41

154
2
49
26
5
236

49
0
0
17
0
69

429
3
3
24
0
459

168
2
77
46
33
326

188
213
20
120
4
545

3
1
0
4

21
2
0
23

0
99
0
99

0
1
9
10

5
11
64
80

7
49
33
89

0
0
0
0
0
1
0
2
0
2
5
0
92

0
0
0
0
40
20
0
8
0
0
68
0
747

0
3
0
0
0
0
27
11
8
0
49
0
299

0
0
0
0
3
3
0
4
1
0
11
0
594

0
0
1
0
1
0
0
9
0
2
13
1
456

2
0
2
37
0
49
9
23
0
0
122
0
1622 3810

Fish
Of the total of 1,696 fish, about 75% were in the groundwater gallery site EighteenNinety (Table 14). Since I was unable to make observations at the side channel site Chewuch
River Right for May and January, the fish may be underrepresented there.
During the snorkel survey, it was often not possible to identify fish to species. The family
was identified, when possible, but some fish were simply marked as unknow if they were seen
but not well enough to identify.
Table 14. Fish count at each site over entire study. CR-SC = Chewuch
River Right, EN-GG = Eighteen-Ninety, and FM-GG = Fender Mill.
CR-SC
EN-GG
FM-GG
Total
Fish counts
131
1,276
289
1,696
Percent of total
8%
75%
17%

To account for the differences in surveyed space among sites, the density of observed fish
was found by dividing fish counts by the surveyed space length. The overall fish density at
Eighteen-Ninety was found to be nearly 12 fish per meter, while at Fender Mill and Chewuch
River Right it was closer to 1 fish per meter (Table 15). The fish density was greatest at
Eighteen-Ninety in November, May, and July. In September, however, the density value at
Eighteen-Ninety was the second lowest of all the fish surveys.
Family richness was greatest at sites with less overall density, those being Fender Mill
and Chewuch River Right. The fish presence at Eighteen-Ninety was dominated by coho salmon
in every survey (Tables 16, 17, 18, and 19). Only a few trout were at Eighteen-Ninety besides the
coho salmon. At the other sites, several species were seen, including at least one other salmon
species, bull trout, brook trout, sculpin, and at least one trout species. The greatest counts of
Chinook salmon and brook trout were at Fender Mill. Chewuch River Right had that highest
count of bull trout and sculpin species. September had the lowest fish counts at Eighteen-Ninety
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and Fender Mill, while March had the lowest counts at Chewuch River Right, excluding survey
months that could not be completed.
Fish total length was estimated by 50-millimeter groups for smaller classes and 100millimeter groups for larger classes. Overall, most fish were between 100 and 150 millimeters
(Figure 22). With 843 fish in this size class, it made up 50% of observed fish. At Chewuch River
Right, 79% of the fish were between 100 and 150 mm, and 51% of fish were in that size class at
Eighteen-Ninety. At Fender Mill, most of the fish were smaller. Only 29% were between 100
and 150 mm, and 60% were less than 100 mm. Few larger fish were at this site.
The largest fish at Chewuch River Right were observed in March and were between 250
and 300 mm (Figures 23a and 23b). At Eighteen-Ninety, four adult coho salmon, between 600
and 700 mm, were observed during the November survey (Figures 24a and 24b). And the largest
fishes at Fender Mill were observed in January and March and were also between 250 and 300
mm (Figures 25a and 25b).

Table 15. Fish observation summary values.
CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and FM-GG = Fender Mill.
Site
Metric
May
July
Sep
Nov
Jan
Density (fish/meter) 0.37
0.34
0.27
CR-SC Family richness
0
4
2
5
0
Mean visibility est.
0%*
73%
75%
57%
0%**
Density (fish/meter) 2.71
2.62
0.08
2.82
2.08
EN-GG Family richness
2
3
1
3
2
Mean visibility est.
68%
65%
75%
64%
62%
Density (fish/meter) 0.58
0.10
0.00
0.36
0.44
FM-GG Family richness
1
2
0
5
4
Mean visibility est.
67%
69%
73%
59%
45%
*No survey, due to high flow. **No survey due to ice over survey reach.
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March
0.02
2
44%
1.43
3
64%
0.18
3
58%

All
1.00
5
42%
11.74
3
66%
1.66
5
62%
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Table 16. Fish counts by month and identification. Fish surveys at Chewuch River Right covered 148 meters, 109 meters at EighteenNinety, and 175 meters at Fender Mill. SC = side channel, GG = groundwater gallery, CR = Chewuch River Right, EN = Eighteen-Ninety, and
FM = Fender Mill.
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Table 17. Fish per surveyed length by month and identification (fish/100 m). SC = side channel, GG = groundwater gallery, CR =
Chewuch River Right, EN = Eighteen-Ninety, and FM = Fender Mill.
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Table 18. Fish counts for the full study by
identification. Fish surveys at Chewuch River Right
covered 148 meters, 109 meters at Eighteen-Ninety,
and 175 meters at Fender Mill. SC = side channel,
GG = groundwater gallery, CR = Chewuch River
Right, EN = Eighteen-Ninety, and FM = Fender Mill.
Table 19. Fish per surveyed length for the full study
by identification (fish/100 m). SC = side channel, GG
= groundwater gallery, CR = Chewuch River Right,
EN = Eighteen-Ninety, and FM = Fender Mill.

Figure 22. Estimated total length of observed fish, catigorized by family, over the full study.
CR-SC = Chewuch River Right, EN-GG = Eighteen-Ninety, and FM-GG = Fender Mill.
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Figure 23a. Estimated total length of observed fish, catigorized by family,
at Chewuch River Right in the summer months. CR-SC = Chewuch River Right.

60

Figure 23b. Estimated total length of observed fish, catigorized by family,
at Chewuch River Right in the winter months. CR-SC = Chewuch River Right.
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Figure 24a. Estimated total length of observed fish, catigorized by family,
at Eighteen-Ninety in the summer months. EN-GG = Eighteen-Ninety.

62

Figure 24b. Estimated total length of observed fish, catigorized by family,
at Eighteen-Ninety in the winter months. EN-GG = Eighteen-Ninety

63

Figure 25a. Estimated total length of observed fish, catigorized by family,
at Fender Mill in the summer months. FM-GG = Fender Mill.
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Figure 25b. Estimated total length of observed fish, catigorized by family,
at Fender Mill in the winter months. FM-GG = Fender Mill.
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DISCUSSION
The physical habitat conditions of the sites were relatively similar enough that fair
comparisons of the water conditions and biotic characteristics can be made, although some the
physical conditions differed among the sites. Temperature and DO, however, followed distinctly
different annual patterns at some sites and these differences appeared to relate to the primary
source of flow, whether it was groundwater or mainstem surface flow. The greatest abundance of
fish and insects were observed at sites with groundwater galleries at the upstream end, while the
side channel site, with upstream connection to the mainstem channel, had the greatest diversity.
The similarities in habitat structure among the sites allows for more independence from the
features when comparing biological responses.
The water temperature at the groundwater gallery sites was warmer in the winter and
cooler in the summer than at the side channel site. The dominance of groundwater provided by
the galleries is likely driving this difference. Each of the gallery sites was in a gaining reach of
the river, where groundwater is known to be expressed in springs. The Chewuch River Right side
channel was in a location where a near-surface watertable was observed prior to construction,
and a groundwater pump test confirmed that the excavated side channel would be at a depth to
intersect groundwater as well as perennial surface water from the Chewuch River. Despite the
natural contributions of groundwater at the Chewuch River Right side channel, the side channel
site did not have the same degree of thermal stability as those with groundwater galleries. Rather
than a side channel, the sites with groundwater galleries emulate spring creeks which are
primarily fed by groundwater.
Headwaters at high elevations, like the Methow and Chewuch Rivers, remain cold until
warmed by the sun or upwelling groundwater (Webb et al. 2008). The headwaters of the
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Chewuch River are very cold and remains cool, until persistent warm air during the summer
heats it (Ely 2003). The Methow River also has cold, high elevations headwaters, but the large,
unconfined geomorphic reaches at lower elevations offer more solar exposer and more space for
groundwater and surface water to interact (Cherry and Freeze 1979, Konrad et al. 2005,
Reclamation 2010). The cold headwaters support low temperatures in the Methow River in the
winter and spring. By summer and fall, solar heating and warm air elevate the temperature of the
river. Like the Chewuch River, the temperature of the Methow River fluctuates with seasonal
changes in air temperature, but places of upwelling groundwater fluctuate less (Ely 2003).
Before human developments in the Methow River floodplain, off-channel habitat such as
spring creeks would have been more prevalent in the unconfined geomorphic reaches
(Reclamation 2008). The two restoration sites with groundwater galleries reintroduce the offchannel, spring creek habitat that is now largely missing from the Methow River floodplain. This
type of habitat provides thermal refugia for stream organisms when temperatures in the river
reach their seasonal extremes. The Endangered and Threatened fish species of the Upper
Columbia River Basin, (spring Chinook salmon, steelhead trout, and bull trout) rely on wellconnected and complex habitats to survive through difficult seasonal conditions (Bjornn and
Reiser 1991). The fact that these species were once abundant in the Methow River means the
complex habitat they require was also once abundant.
The historical groundwater-fed habitats in the Methow River might have had different
physical forms from the groundwater gallery sites, but both add complexity to the riverine
habitat in the basin. The groundwater gallery sites offer access to water with optimal growing
conditions for rearing salmon and trout all year. Juvenile salmon and trout species experience
optimal growth rates in temperatures between 1 and roughly 16 °C, depending on species and
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food abundance (Hicks 2000). If cool water refuge cannot be reached in the summer when
temperatures exceed optimal limits, metabolic stress can lead to a high mortality in a population
(Lusardi 2019). In the winter, temperatures near freezing can reduce swimming speed and small
fish are more susceptible to predation if warm water refuge cannot be accessed (Power et al
1999). The thermal stability of the groundwater gallery sites means that if some natural or
unnatural event occurred, like a summer heatwave or a winter cold snap, fish could take refuge in
the sites until conditions improved.
The groundwater gallery sites appeared to attract small fish, notably at the onset of the
thermally stressful time of winter. This was especially evident for juvenile salmon and trout who
are more sensitive to thermal extremes and more easily displaced by strong flow than larger fish
(Hicks 2000), but also includes the other small fish species to a lesser degree. When fish are
taking refuge in off-channel habitat, they need enough food and DO to maintain their optimal
growth rates (Cunjak 1988, Cunjak 1996). The abundance of insects in the groundwater gallery
sites could be enough to satisfy their dietary needs. A large proportion of the juvenile coho
salmon diet consists of aquatic and terrestrial macroinvertebrates, including aquatic insects
(Grunblatt 2019). The DO saturation was lower at the groundwater gallery sites than the side
channel site, but it was never too low to support healthy metabolisms for salmon and trout. The
lowest DO concentration at Fender Mill was 8.75 mg/L (72% saturated at 6 °C), above the level
associated with optimal growth for coho salmon, 8.3 mg/L (Colt et al. 1979). With temperature
and DO at levels conducive to optimal growth, the groundwater gallery sites seem like attractive
habitat for juvenile salmon and trout to wait out less favorable conditions in other river reaches.
The consistency of temperature throughout the reach at Fender Mill, particularly in the
winter, could be a product of groundwater upwelling throughout the channel, not just from the
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groundwater gallery upstream. The Yakama Nation Fisheries Monitoring Program has recorded
greater discharge at the downstream end of the Fender Mill channel than the upstream end, also
indicating that groundwater is infiltrating the channel in places other than the groundwater
gallery outflow pipe (Eckmann, Yakama Nation Fisheries, personal communication). The
substrate at Fender Mill was not heavily embedded, so groundwater can readily flow through it.
If groundwater was upwelling through the whole reach to its confluence with the Methow, as
indicated by consistent water temperatures even during extreme air temperatures and consistently
undersaturated DO, it was likely also upwelling near the mainstem channel as well and warming
the water there. This is further supported by the undersaturated DO in the mainstem channel,
even lower than in the restoration site during the February survey. Groundwater typically has
lower DO compared to surface water (Matthews and Bergs 1997). The outflow pipe delivering
the collected groundwater to the Fender Mill channel was perched above the wetted width,
creating a small cascade, and aerating the water (Figure 24). This could be one reason the
channel has higher DO % saturation than the mainstem with strong groundwater influence, if so,
this could be an important design element to overcome the low DO of groundwater.
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Figure 24. Outlet of the pipe at Fender Mill that delivers collected
groundwater from the groundwater gallery to the excavated channel.

Forms of restoration that focus on preservation of natural processes and conserving
floodplain habitat are understood to be the best approach to habitat restoration, and restoration
managers should strive to remove impacting infrastructure and allow natural processes to return
and form habitat (Kauffman et al. 1997, Palmer et al. 2005, Bernhardt et al. 2007, Beechi et al.
2010, Palmer et al. 2010, Ciotti et al. 2021). The groundwater gallery strategy is an alternative to
the preservation approach when a natural system is already compromised and is not likely to
return to pre-disturbance conditions in the foreseeable future. Because it involves unnatural
materials and does not involve removing the impacting elements the strategy should not be seen
as a return to natural conditions, but it could be used as a thoughtful way to improve conditions
in heavily compromised systems to better suit the natural resources there. As of this study, the
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groundwater gallery sites in the Methow River seem to be successful in creating off-channel
habitat in the river floodplain that is conducive to fish and aquatic insects. These projects took
place in reaches heavily modified by humans where more traditional side channel restoration
strategies could not be done because of lack of space. This study indicates that the groundwater
galleries sites were even more attractive to fish and insects than the site with a more naturally
designed side channel, Chewuch River Right. The groundwater galleries offer a thermal
environment with less extreme ranges than the side channel site, with more stable flows, and
what appears to be an abundance of food in the form of insects and periphyton.

CONCLUSIONS
This study speaks to the conditions of the two groundwater gallery sites in the Methow
River floodplain, but it also speaks to the importance to riverine landscapes of off-channel
habitat primarily fed by groundwater. The strategy to use groundwater galleries could be a
successful way to restore groundwater influenced, off-channel habitat when human impacts are
not likely to be removed. The unnatural materials of the groundwater galleries might seem
unappealing to some restoration managers, so perhaps there is a need to develop a similar design
more naturally. Increasing the available groundwater-fed habitat could be, and should be, applied
in many rivers suffering from thermal extremes exasperated by human disturbances. An offchannel, groundwater spring is valuable habitat to protect and to restore.
The groundwater gallery is an uncommon technique in modern restoration, and
restoration managers may stray away from it because of the unnatural materials. This study
provides a basis to continue exploring designs that reintroduce groundwater-fed habitat in the
floodplain. It may also inspire reconsideration of highly engineered restoration techniques that
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use unnatural materials, such as the groundwater galleries, in situations where restoring to predisturbance conditions is not practical, such as in urban streams. In the past and today, humans
have modified the floodplain habitat to suit their development and have largely not considered
impacts to stream organisms in their designs. As more is understood about these impacts,
infrastructure design is shifting to incorporate more considerations for natural organisms and
processes. In addition to lessening the initial impacts, designs should also be developed to restore
habitats now missing from the landscape, and this will have to involve engineered habitats in
places where the impacts have already taken place and cannot be easily removed. The
groundwater gallery technique may be a way to restore a critical habitat for thermally stressed
fish in a heavily impacted environment.
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APPENDIX

Appendix A. Non-parametric test results. Df = degrees of freedom, X2 = Chi
squared.
Independent
Test

Kruskal-Wallis

Dependent variable

Bankfull channel width

Dunn’s post hoc

variable
site

df

X2

p-value

2

9.27

<0.05

CR-SC & EN-GG

<0.05

CR-SC & FM-GG

<0.05

EN-GG & FM-GG

0.30

Kruskal-Wallis

Wetted channel width

site

2

6.10

0.06

Kruskal-Wallis

Thalweg depth

site

2

24.10

<0.05

Dunn’s post hoc
Kruskal-Wallis

Substrate embeddedness

Dunn’s post hoc
Kruskal-Wallis

Total canopy cover

Dunn’s post hoc
Kruskal-Wallis

Water temperature, all measurements

Dunn’s post hoc
Kruskal-Wallis

Water DO, all measurements

Dunn’s post hoc
Kruskal-Wallis

Water temperature, February 2021

Dunn’s post hoc
Kruskal-Wallis
Dunn’s post hoc
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Water DO, February 2021

CR-SC & EN-GG

<0.05

CR-SC & FM-GG

0.08

EN-GG & FM-GG

<0.05

site

2

17.25

<0.05

CR-SC & EN-GG

0.36

CR-SC & FM-GG

<0.05

EN-GG & FM-GG

<0.05

site

2

26.89

<0.05

CR-SC & EN-GG

<0.05

CR-SC & FM-GG

<0.05

EN-GG & FM-GG

0.38

site

2

27.01

<0.05

CR-SC & EN-GG

<0.05

CR-SC & FM-GG

0.05

EN-GG & FM-GG

<0.05

site

2

97.00

<0.05

CR-SC & EN-GG

<0.05

CR-SC & FM-GG

<0.05

EN-GG & FM-GG

<0.05

site

2

90.33

<0.05

CR-SC & EN-GG

<0.05

CR-SC & FM-GG

<0.05

EN-GG & FM-GG

<0.05

site

2

92.40

<0.05

CR-SC & EN-GG

0.05

CR-SC & FM-GG

<0.05

EN-GG & FM-GG

<0.05

